Performance characteristics of a cylindrical Hall thruster depending on the depth of the annular region (L a ) in front of the anode were investigated. The effect of the annular region was examined by operating thrusters corresponding to four different values of L a (0, 4, 6, and 10 mm) and a fixed length of the cylindrical region (25 mm). Various measurements such as electron and ion currents, thrust, anode efficiency, current and propellant utilizations, and ion energy distribution functions were performed. Such measurements lead to an interpretation that (1) a considerable potential difference may exist between the anode and the ionization region, which is presumably located near the end of the annular region where magnetic field lines converge; (2) this potential difference increases with respect to increasing L a ; and (3) the presence of the annular region near the anode reduces the specific impulse and anode efficiency for the examined thrusters. V C 2013 American Institute of Physics. [http://dx
I. INTRODUCTION
Cylindrical type Hall thrusters (CHTs) have been studied over the years for performance improvement through an increased plasma volume-to-surface ratio by removing the central magnetic core near the anode, especially for low power compact Hall thrusters. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Previous works reported that the structural feature of CHTs reduces the interaction between the plasma and the dielectric channel wall such as electron transport, heating, and wall erosion, which is effective especially as the Hall thruster scales down to a few hundred watts level. 4 The operational principle of the CHT is based on the closed E Â B electron drift and acceleration of non-magnetized ions by electrostatic potential, similarly to the conventional annular type Hall thruster. The unique magnetic field topology of the CHT, however, involves different physical phenomena such as a magnetic mirror effect that helps axial electron trapping by a strong axial magnetic field inside the cylindrical discharge channel. 2, 4 The discharge volume of a CHT consists of a long cylinder from the inner magnet core edge to the thruster exit and a short ring-shaped annular region from the anode surface to the inner core edge. In the cylindrical region, ions are accelerated by a strong electric field due to potential drop. In order to maintain a high ionization rate of the propellant gas, the channel length is determined by minimizing k iz /L, where k iz is the ionization mean free path and L is the length of the cylindrical region. 1, 6, 7 It was experimentally found that a longer cylindrical region improves thrust and efficiency, ion energy, and in particular propellant utilization. 5 Compared with a full cylindrical Hall thruster where the anode surface is leveled with the inner magnetic core surface, it is expected that a small localized region just in front of the anode (i.e., the annular region, as mentioned above) may provide enhanced ionization and propellant utilization. This is due to high local neutral density from the propellant gas supplied through the anode near which magnetic field lines converge to yield electron trapping. This naturally raises the question of how the depth of the annular region is related to the performance of the thruster. In this paper, we investigated the effect of the annular region on CHT performance for a thruster having a diameter of 40 mm with a movable anode along the axial direction.
II. EXPERIMENTAL SETUP
The thruster used in the experiment consists of boron nitride channels, a stainless steel anode, which also injects the propellant Xe gas, a magnetic core, two electromagnetic coils, and a soft iron magnetic circuit. For the sake of experimental flexibility, the thruster is fabricated in such a way that the inner magnetic core and anode are movable along the axial direction in order to change the lengths of both the cylindrical region (L) and the annular region (L a ), as illustrated in Fig. 1(a) . Only the depth of the annular region is varied for the present study to assess the effect of the anode position relative to the magnetic core.
Experiments are carried out with four different L a values, 0, 4, 6, and 10 mm, respectively. The magnetic field shape and strength are fixed with constant coil currents for a constant length L ¼ 25 mm. As shown in Fig. 1(a) , the currents of the inner and the outer coils, 1.5 A and À1.0 A, respectively, produce a cusp magnetic field configuration, which enhances the radial component of the magnetic field in the discharge volume. flux density at the outer (r out ¼ 20 mm) and the inner (r in ¼ 13.5 mm) dielectric channel surfaces. The magnetic flux density in the cylindrical region along the outer dielectric surface is 455 G. Also, the magnetic flux density becomes strongest (650 G) near the core edge (at z ¼ À2.7 mm) along the inner dielectric surface, and this magnetic field affects the performance of the CHT with the annular part. One of the operational differences is that the thruster configuration with an annular region (L a > 0) requires that the magnetic field be turned on after the plasma ignition. Simultaneous turning on of the plasma and the magnetic field is possible with no annular region (L a ¼ 0), which is consistent with previous findings. 10 Experiments are performed in a 1.5 m diameter and 3 m long vacuum vessel with an operating pressure of 7 lTorr with a continuous Xe flow at a mass flow rate of 5 sccm. A commercial hollow cathode is used to supply electrons to initiate and maintain the plasma inside the thruster and neutralize the plume plasma. The cathode keeper current and Xe mass flow rate are 1.6 A and 1 sccm, respectively, during the thruster operation. The anode Xe mass flow rate _ m and anode voltage V d are 4 sccm and 212 V, respectively.
The ion current density is measured by a Faraday probe, which consists of a collector and a guard-ring to mitigate edge effects. In order to measure only the ion current and repel the electron current, the probe bias voltage is set at À24 V with respect to the ground. The ion energy distribution function (IEDF) is measured by a retarding potential analyzer (RPA). It consists of four grids: The first grid is floating, the second grid is biased at À24 V to repel electrons, the third grid bias is varied from 0 to 450 V to retard ions, and the fourth grid is biased at À24 V to repel the secondary electrons generated by ion bombardment on the grid. Both the Faraday probe and the RPA are mounted on a rotating motion stage with a radius of 0.37 m centered at the thruster exit to measure the energy and angular distributions of ion flux.
The positions of these probes are determined by considering the charge exchange and the elastic collision reactions between the Xe þ ion and background Xe neutral at 7 lTorr operating pressure. The charge exchange reaction mean free path k 12, 13 which is comparable with the system dimension.
The ion current I i is obtained by integrating the measured angular ion current density in 690 and the electron current I e ¼ I d À I i . The plume angle is determined as the half-angle in which 90% of the total ion current is contained. Thrust measurement is done using a pendulum type balance. Figure 2 shows the measured thrust T, anode efficiency g, and specific impulse I sp depending on L a . Here, g ¼
III. EXPERIMENTAL RESULTS AND DISCUSSION
where I d and V d are the discharge current and anode voltage, respectively; and g and v ex are the gravitational constant and propellant exhaust speed, respectively. It is found that a longer L a gives rise to a reduction of the overall thruster performance, demonstrating the reduction of T, g, I sp, and I d , as shown in Table I . Figure 3 demonstrates that the ion current I i decreases from 0.41 A to 0.39 A (by 5%) while I e remains almost constant at 0.15 A as L a increases. As a result, the propellant utilization U P (¼I i M/el, where M, e, and l are the mass of a Xe atom, the electron charge, and the Xe mass flow rate, respectively) slightly decreases by 5.7%, whereas the current utilization U c (¼I i /I d ) shows an insignificant difference. The decreasing I i and constant I e with respect to L a are interpreted in terms of a geometrical effect, since all other operation conditions, such as Xe flow rate, B-field profile, and anode voltage, were kept constant. In the cylindrical Hall thruster, electron confinement enhancement due to the magnetic mirror effect is expected to be significant in the cylindrical region.
2 Our magnetic field calculation shows that the field strengths in the thruster are about 780 G near the inner core and 450 G near the magnetic plate. The minimum field strength along the field line is 400 G. Because the mirror ratio along the field line is about 1.95, the electron density should be high near region A in Fig. 1(a) . 6 On the other hand, the low mirror ratio of about 1.09 along the field line colored in blue in the annular region (region B) will yield lower electron density compared to the electron density corresponding to a higher mirror ratio. Therefore, the annular region due to the retracted anode has an insignificant effect on electron transport, which is demonstrated by the nearly constant I e and U C with respect to L a .
The decrease of U p , due to the decrease of I i / n i v i , where n i and v i are the ion density and ion speed, respectively, and a longer L a are attributed to lowered n i and/or v i . Depicted in Fig. 4(a) is the measured IEDF ½f ðEÞ= Ð f ðEÞdE at the thruster axis with four different values of L a . While the shape of the IEDF remains almost unchanged with the full width at half maximum of about 25-30 eV, the peak position of the ion energy distribution shifts toward lower energy by approximately 20 eV as L a is raised from 0 mm to 10 mm. During the experiments, the cathode keeper voltage with respect to the common voltage, which is one of the ion loss voltages due to the cathode coupling potential, was maintained as a constant voltage of 22-24 V. The results indicate that the relative position between the ionization and the acceleration regions remains almost the same, because of the absence of significant broadening of the ion energy distribution function. The decrease of the ion energy shown in Fig.  4 (a) corresponds to a 5% reduction of the ion speed, which is comparable to the reduced fraction of I i . This suggests that the decreases of U p and I i with respect increasing L a can be attributed to the lowered ion speed. On the other hand, the ion density n i , and thus the Xe ionization rate, remains unchanged. This further indicates that the ionization mainly occurs at the same region where electrons are concentrated (in region A), regardless of the presence of the annular region. The downshift of the ion energy is due to the lowered plasma potential at the high electron density region near region A. Since the anode voltage is fixed at V d , a simple calculation shows that the potential at region A becomes lower with larger L a . The decrease of the ion energy reduces thrust and I sp , which is related to the ion (propellant) exhaust speed. The angular profile of the ion current density j i (h) depicted in Fig. 4(b) manifests a reduction of the ion current near the on-axis with a deeper annular region due to lower ion energy, and this causes a reduction of the ion current I i . The plume angle does not significantly change at approximately 58
. It is known that the long discharge channel of a conventional Hall thruster induces enhanced loss of ions to the dielectric wall caused by the radial component of the distorted electric field.
14 A similar feature is expected in a CHT with an annular region. The small changes in n i and plume angle with different L a suggest that this is not the case.
Shown in Fig. 5 is the angular distribution of j i (h) obtained at a high operating pressure of 48 lTorr. Compared to the 7 lTorr case, the ion-neutral charge exchange and elastic collision mean free paths are shortened to about 1/6th due to the high background neutral density at this pressure. Although a similar tendency is seen compared to the 7 lTorr case, the plume angle is broader (71 ). With this high plume angle, on the other hand, the ion current I i / Ð p=2 Àp=2 j i ðhÞsinh dh is shown to be rather constant because of the sin h term.
IV. CONCLUSION
Experiments were performed for a cylindrical type compact Hall thruster in the presence of an annular region with different depths by retracting the anode while all other experimental conditions were fixed including the magnetic field configuration. We interpreted the observed difference in performance of the thrusters in terms of the geometrical effect. It was found that a longer annular region lowers the propellant utilization by reduction of the ion current while the electron current remains almost constant. On the other hand, the reduced electric potential at the high electron density region with large L a causes a downshift of the ion energy distribution, resulting in reduction of the thrust, specific impulse, and anode efficiency, respectively.
